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• reading the latest articles, free! • receiving free e-mail alerts • submitting your work to EPL TAKE A LOOK AT THE NEW EPL www.epljournal.org the behavior of binary mixtures in the vicinity of the critical point belongs to the same universality class as that of, e.g., conventional liquid-vapor phase transition (provided interparticle interactions are sufficiently short-range), the ferromagnetic transition in uniaxial magnets or the 3D Ising model [4] .
The tendency for particles of different types to mix or demix is basically determined by the relative strengths of their interactions [5] . It is noteworthy that the phase separation in such multicomponent systems does not require an attraction in the interparticle interactions -which is the necessary condition for the fluid phase transition in singlespecies systems [5, 6] . The phase equilibrium is governed by relations that are often referred to as the LorentzBerthelot mixing rules [7] . For point particles of type "1" and "2" these relations are reduced to a natural condition that mixing/demixing is preferred when the 1-2 interaction is less/more repulsive than the (geometric mean of) 1-1 and 2-2 interactions. This asymmetry in the mutual interactions is also called "interaction nonadditivity".
Complex plasmas, which are composed of a weakly ionized gas and charged microparticles [8, 9] , represent an ideal system to investigate multicomponent mixtures. Microparticles usually acquire high negative charges (∼ 10 3 -10 4 e) determined by the balance of absorption of the surrounding electrons and ions, and (a) E-mail: ivlev@mpe.mpg.de attain a Debye-Hückel (Yukawa) interaction potential ∝ r −1 e −r/λ . The screening length λ is typically much larger than the particle size, in isotropic (bulk) plasmas the screening is dominated by ions [9] . Complex plasmas have several remarkable features: Dynamical time scales associated with the microparticles are "stretched" to tens of milliseconds, and the microparticles themselves can be easily visualized individually. Furthermore, since the background gas is dilute, the particle dynamics in strongly coupled complex plasmas is virtually undamped, which provides a direct analogy to regular liquids and solids in terms of the atomistic dynamics [10] [11] [12] .
In this letter we show that interparticle interactions in binary complex plasmas always exhibit a positive nonadditivity which stimulates the phase separation in the isotropic (bulk) regime. This tendency does not depend on a particular shape of the interaction potential (which can be affected by, e.g., collisions of ions with neutrals and/or the ion absorption on the microparticle surfaces). We show that the interaction nonadditivity in complex plasmas is solely determined by a nonlinear relation between the actual charge carried by a particle and an effective charge that characterizes the interaction potential at large distances. We derive the spinodal line for isotropic binary complex plasmas and show that for typical experimental conditions the regime of the spinodal decomposition is easily achievable. This conclusion provides us with strong grounds to believe that binary complex plasmas could be an ideal model system to study atomistic dynamics of fluid phase transitions and the associated phenomena, such as surface tension, critical behavior, etc.
Before we start considering effects of the interaction nonadditivity in complex plasmas, let us make one 45001-p1 A. V. Ivlev et al.
important note: In contrast to colloidal suspensions, where the surface charges of particles are strongly compensated by layers of counterions attached to the particle surfaces [3] , in complex plasmas the screening of the particle charges is provided by free electrons and ions [9] . Therefore, the force on a colloidal particle is determined by its renormalized charge whereas in a complex plasma the force is proportional to the actual surface charge. Keeping this principal difference in mind, we calculate the interaction energy between different particles in complex plasmas (here we naturally neglect charge fluctuations, gradients, and other non-Hamiltonian effects, see e.g., ref. [13] ). For a pair of particles i and j the energy is
where φ ij is the potential produced by charge Z i at the position of charge Z j . The potential can be written as
, where Y (r) is the far-field radial profile of the potential (independent of the actual particle charge Z)a n dZ * (Z) is the corresponding far-field charge (which is generally not equal to Z). By introducing the renormalizing charge ratio ν(Z) ≡ Z * /Z , we get
For a binary system of charges, Z 1 and Z 2 , the deviation from the Berthelot mixing rule is characterized by the nonadditivity parameter δ, which is determined from the condition [7] ,
By substituting eq. (2), we get
i.e., for any nonlinear relation Z * (Z) the interactions have positive nonadditivity stimulating the phase separation.
In order to estimate the magnitude of ν(Z) and hence of the resulting nonadditivity parameter δ, let us consider the simplest screening model for a non-absorbing grain of radius a and charge Z ∝ a in a collisionless plasma (additional effects, such as the ion collisionality and absorption, will be considered elsewhere). The potential is given by a Poisson equation, ions in this model obey the Gurevich distribution with temperature T i whilst hot electrons (typically, T e 30T i ) provide a (practically) uniform neutralizing background [14, 15] :
Here Ψ = −eφ/T i 0 is the dimensionless potential, the distance r is normalized by the ion screening length λ = T i /4πe 2 n i . The boundary conditions for Ψ(r) are i) the electric field at the particle surface is equal to −Z/a 2 , Fig. 1 : Dependence of the renormalizing charge ratio ν = Z * /Z on the dimensionless charge z = e 2 |Z|/λTi. The solid line is the least-squares fit ν − 1=0.52 √ z +0.045z to numerically calculated points.
which yields Ψ ′ | r=a/λ =(e|Z|/λT i )(λ/a) 2 , and ii) zero potential at infinity.
Equation (5) shows that the nonlinear regime of the screening, Ψ 1, operates in the vicinity of the particle where the right-hand side (rhs) scales as ∝ √ Ψ, whereas at large distances, where Ψ ≪ 1 and the rhs equals Ψ, the Debye-Hückel (Yukawa) far-field asymptote is recovered, Y (r)=r −1 e −r . Note that the rhs of eq. (5) is always smaller than Ψ and hence the charge is always "underscreened" as compared to the linear case, i.e., ν(Z) > 1.
Let us represent the solution of eq. (5) in the form Ψ(r)=C(r)r −1 e −r . Then from the resulting equation we obtain ν ≡ z −1 C(r)| r→∞ ,w h e r ez = e 2 |Z|/λT i is the dimensionless charge 1 . In the limit z → 0 we get the analytical expansion for the renormalizing ratio,
.52 √ z.T h et e r m∝ (a/λ) 2 is the finite-size correction to the particle capacitance. Usually it is quite small, (a/λ) 2 
10
−3 , and therefore can be neglected in comparison with the next term ∝ √ z,w h i c h is due to nonlinear screening of the charge and which provides the essential contribution to the magnitude of the nonadditivity parameter δ.F i g u r e1s h o w sν(z) calculated numerically for 0.01 z 30, which spans the typical range of charges in complex plasmas [9] . Now we can evaluate the influence of the nonlinear screening and of the resulting nonadditive interactions on the phase equilibrium of binary particle mixtures in complex plasmas. It is well known that for a multicomponent mixture (consisting of N species) the total (pair) correlation function h ij (r)=g ij (r) − 1 between species i and j (expressed via the radial distribution g ij (r)) is defined by the set of Ornstein-Zernike (OZ) equations [5] ,
n l dr 3 c il (r 13 )h lj (r 23 ), (6) 1 The definition of z is different from that in the orbitalmotion-limited (OML) theory [9] , z OML = e 2 |Z|/aTe.
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Fluid phase separation in binary complex plasmas where n i is the mean partial density of the i-th species, and the choice for the direct correlation function c ij (r) is determined by different closure approximations. Equation (6) can be formally solved for the Fourier transform of the total correlation function,ĥ ij (k), and then the asymptotic behavior of h ij (r) is naturally governed by the roots of the determinant of the Fourier-transformed eq. (6). For a binary system we have
whereĉ ij (k) is the Fourier transform of c ij (r). The spinodal line, which bounds the unstable region where binary mixtures phase separate, is characterized by the asymptotic divergence of h ij (r), and hence can be obtained as the locus of the points where Im k =0 for (at least) one of the roots of eq. (7). We employ the random phase approximation (RPA) closure for the OZ equation, which turns out to be accurate for some softcore systems at moderate and high densities, and which yields a remarkably good representation of the spinodal line for point Yukawa mixtures 2 . In the RPA, we have c ij (r)=−W ij (r)/T , so that the Fourier transform of the direct correlation function iŝ
By substituting this in eq. (7) we obtain two purely imaginary poles. The leading (smallest) pole is given by
Here we introduce A = x 1 w 1 + x 2 w 2 and B =8x 1 x 2 w 1 w 2 (assuming δ ≪ 1), where x 1,2 = n 1,2 /n are concentrations of species "1" and "2" and w 1,2 = Z
Here we define the coupling parameter of species "1", Γ 1 = e 2 Z 1 Z * 1 /T ∆, and the screening parameter κ =∆/λ which are usually employed to characterize the phase behavior of complex plasmas 3 . The mean interparticle spacing ∆ is defined via the total density n = n 1 + n 2 using the relation n =(6/π)∆ −3 . Also, we introduce "relative magnitudes" of charge,Z = z 2 /z 1 ≡ a 2 /a 1 ,a n do ft h e renormalizing charge ratio,ν = ν 2 /ν 1 .I nt h e( Γ 1 κ −2 ,x 1 ) parameter space, the spinodal line reaches the critical point at x If the relative difference (disparity) between particle sizes is small, δa/a ≡ σ a ≪ 1, then bothZ andν tend to unity and hence the spinodal line becomes practically symmetric with respect to x =1/2. By assuming for simplicity that z 10, which allows us to substitute in eq. (10) only the first term of the analytical expansion of ν(z) − 1 (see the caption of fig. 1 ), and also taking into account that z ∝ a, we derive the spinodal line for such "quasi-monodisperse" binary mixtures:
One can see that in this limiting case the spinodal line has a rather strong ∝ σ −2 a dependence on the size disparity. In order to get realistic quantitative estimates for the possibility of phase separation in binary complex plasmas, we refer to the recent experiments [17] performed under microgravity conditions in the PK-3 Plus rf discharge chamber [18] onboard the International Space Station. In these experiments small particles were driven through a stationary cloud of big ones 4 . At the initial stage, characterized by a relatively strong driving field, the formation of interpenetrating small-and big-particle lanes was observed. At the later stage, when the small particles approached the center of the chamber and thus the driving field practically vanished, an apparent phase separation was observed accompanied by the formation of a small-particle droplet with a well-defined ellipsoidal shape, as illustrated in fig. 2 (note that the droplet eventually "coalesce" with the particle-free void and smear out over its surface). The experiment reported in ref. [17] was performed with particles of 2a 1 =3.4 µmand2a 2 =9.2 µm diameter (henceZ ≃ 2.7), in a plasma with the electronto-ion temperature ratio T e /T i ∼ 100 and screening length λ ≃ 100 µm. The estimated dimensionless charges are fig. 1 we get ν = ν(z 2 )/ν(z 1 ) ≃ 1.4 (which yields δ ∼ 0.01). Figure 3 shows the spinodal line calculated from eq. (10) for this experiment. Taking into account x 1 ≃ x 2 ≃ 0.5a n d rather strong screening, κ =3.5 − 4, we conclude that the spinodal line can be achieved at Γ 1 =50− 100. This value is ∼ 30 times smaller than the actual magnitude of the coupling parameter estimated for small particles in this experiment, so that the observed binary complex plasmas should be well within the spinodal decomposition regime 5 . As regards the "quasi-monodisperse" binary mixtures, one can estimate from eq. (11) the magnitude of σ a that is sufficient to drive the phase separation (which first occurs in the vicinity of the critical point at x =1/2). Taking into account that the coupling parameter should naturally be smaller than the value Γ M (κ) at the melting line, that can be conveniently determined from the approximation [20] 
, we obtain that the fluid phase separation at κ 5a n dz ∼ 1 could be roughly expected for σ a 0.3.
It is worth noting that the applicability of the OZ equation with the corresponding closure approximation naturally has its own limits. When the coupling between particles and thus their mutual correlations become too strong, the perturbation theory used to derive the closure relations breaks down. For instance, it was shown recently that the applicability of the hypernetted chain approximation to describe the structure of fluid complex plasmas can be limited by Γ/Γ M 0.2 [ 2 1 ] .O nt h e other hand, as we showed above, the spinodal line in typical experiments with binary complex plasmas can be achieved at fairly low values of Γ (at least ∼ 30 times smaller than Γ M ) and therefore the proposed approach can be safely employed to describe the phase separation.
Thus, we conclude the following: The relative size disparity σ a should exceed ∼ 0.3, in order for the phase separation in binary complex plasmas to occur. Once this condition is satisfied, the phase separation is first achieved in the vicinity of the critical point. On the other hand, the estimates show that the binary particle mixtures used in typical complex-plasma experiments (with σ a =2− 3) are already well within the unstable regime characterized by the phase separation through the spinodal decomposition. In the future, one needs to perform a comprehensive analysis of different mechanisms operating in complex plasmas (such as ion-neutral collisions, ion absorption on the particle surfaces, etc. [15, 22] ) that also result in a nonlinear relation Z * (Z ) and therefore can have an additional contribution to the phase separation.
We believe that using binary complex plasmas with a suitably chosen particle size disparity, one can investigate in great detail the kinetics of the fluid phase transitions, including the behavior near the critical point, surface tension effects, etc. However, the principal requirement for performing high-precision measurements is that complex plasmas must be under sufficiently isotropic conditions. This implies void-free particle clouds in 3D (such as those observed recently in some of PK-3 Plus experiments under microgravity conditions, see ref. [18] for details), or homogeneous monolayers in 2D (that can be carefully prepared in the sheath of rf discharges, see, e.g., ref. [23] ). * * * We thank H. Löwen and A. Wysocki for very helpful discussions.
